Introduction
cently been proved in laboratory [150] . The selective affinity of the nanoribbons to sulfur atoms was also confirmed by energy dispersive X-ray spectroscopy. Chamberlain et al. [151] , both by experimental and theoretical calculation, show that the thermodynamic stability of nanoribbons is dependent on the SGNR edge structure, and to a lesser extent, the width of the ribbon. According to them, for nanoribbons of similar widths, the polythiaperipolycene-type edges of zigzag SGNRs are more stable than the polythiophene-type edges of armchair SGNRs. Both the edge structure and the width define the electronic properties of SGNRs which can vary widely from metallic to semiconductor to insulator. Their DFT calculations show that the electronic band structures for the different SGNRs vary dramatically from semiconductor in the case of zSGNRs to metallic to insulator for the aSGNRs, depending on the nanoribbon width. On the basis of their generalized gradient approximation (GGA)-Perdew-Burke-Ernzerhof (PBE) results the authors [151] have demonstrated that 4-aSGNR is metallic which creates an open debate whether hopping integrals between edge atoms [19] are capable of opening the band-gap for aSGNRs or not. Very recently [152] , dispersion-corrected density functional theory has been applied to investigate the structure and electronic properties of SGNRs encapsulated in carbon nanotube. Their hybrid DFT calculations demonstrate that unlike hydrogen and oxygen passivated GNRs, the SGNR with zigzag edge is metallic even when deformed inside carbon nanotubes.
In this chapter, we present the geometry and detailed electronic structure of recently synthesised sulfur-terminated aGNRs [150, 151] with different widths on the basis of ab initio density functional theory within generalized gradient approximation using PBE exchange functional. The variation of band-gap with increasing ribbon width is also explored. The calculations reveal that the trend of band-gap variation for S-terminated ribbon appears to be different from that of Hterminated one. The tunable electronic properties shown by SGNRs may make them highly versatile 1D materials with promising potential applications in electronic and optical devices. As for example, the semiconducting ribbons are when attached to metallic leads, they show negative differential resistance (NDR) behavior in certain bias windows [153] [154] [155] . Much efforts have
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been devoted for modelling new NDR devices by means of structural modulation or by introducing foreign elements [156] [157] [158] into GNRs which may have potential application in logic circuit, switching, amplification as well as in memory storage. So, we also wish to present the result of our study on quantum conductance behavior of the aSGNRs sandwiched in between metallic leads. This chapter is arranged as follows. A brief computational description is made in Section 3.2. Section 3.3 starts with the results of relative thermodynamic stability. In the later part we describe the band structure and general trends of band-gap variation. Following this section we present the transport properties showing I − V characteristics with different leads. Finally, conclusive remarks are drawn in Section 3.4.
Geometry relaxations and electronic structure calculations were performed using a double-ζ plus polarisation function (DZP) basis set and norm-conservative Troullier-Martins pseudopotentials (PP) [159] for representing the valence and inner electrons as implemented in SIESTA package [15] . A real space mesh cutoff of 300 Ry has been used throughout the entire calculation.
The exchange-correlation functional of the generalized gradient approximation (GGA) is represented by the PBE approximation [115] . The convergence criteria for the density matrix is taken as 10 −4 . The conjugate gradient method is used to relax all the atoms until the maximum absolute force was less than 0.001 eV/Å. The k-point sampling was done with 1×1×15 Monkhorst-Pack k-points.
A set of transport properties were calculated using TranSIESTA module within the SIESTA package, which is based on the combination of density functional theory and non-equilibrium Green's function (NEGF) method [133, 160] . The generalized gradient approximation in the PBE form is employed for the exchange correlation functional. We used similar basis and convergence criteria as was implemented during geometry optimisation. In the NEGF self-consistent loop the charge density was integrated over 400 energy points along the semicircle in the complex plane.
We used undoped or doped ribbons as left and right electrodes thereby sandwiching the central scattering region (SR) and current was calculated from the Landauer-Buttiker formula, according to which the current I(V b ) is given by
where
Results and Discussion

Structure and Energetics
First, we have optimised the lattice constants of 2D graphene sheet and those of the sulfur terminated zGNRs and aGNRs of different width. The optimised geometry of armchair and zigzag edged S-terminated ribbons are shown in Figure 3 .1. Here, it should be pointed out that, following the previous convention [19, 24] we also classify N a -aGNR and N z -zGNR of different width, where N a is the number of dimer lines (or equivalent to number of C atoms in a zigzag chain) across the aGNR width and N z is the number of zigzag chains across the zGNR width. The optimised lattice constants and relative stability of various ribbons with different edge structures are tabulated in Table 3 .1. The free energy of formation of a species (∆G f ) is defined by ∆G f = µ s − µ e , s and e denoting the particular species and constituting elements, respectively. In this context, it is to be noted that, for representing elemental C, H, and S we have considered two-dimensional graphene sheet, free H 2 molecule, and S 8 molecule, respectively. It is significant to note that unlike hydrogen-terminated GNRs (HGNRs), sulfur-terminated zGNRs are energetically more stable angle strain where the p-orbitals are inclined with an C-S-C angle of ∼ 96 • . As shown in Table 3 .1 the optimised lattice constant of aGNRs gradually increases with increasing the ribbon width, of course, with a nonlinear trend. However, no experimental result is available for comparison.
Electronic Structure
Next, to have an insight into the electronic structure of the sulfur passivated ribbons, we have separated out from each other. One more thing, which is distinct from the figure is that the band gap, which is basically energy difference between valence band top (VBT) and conduction band minimum (CBM), changes with width. Thus, we have calculated band gap of different sulfur passivated armchair GNRs and plotted as a function of width in Figure 3 .3. Apparently, the nature of variation is zigzag in nature, but deep insight reveals a regular decreasing trend of three separate series namely, N a = 3n, 3n + 1 and 3n + 2, where n is having positive integral values. We wish to mention here that, while defining ribbon width, we consider C-C perpendicular distance across the periodic direction as in the case of aHGNRs. As shown in Figure 3 .3, for a particular value of n, the 3n series has the highest band gap and the 3n + 1 series has the lowest one with a general trend of band gap variation as ∆ 3n > ∆ 3n+2 > ∆ 3n+1 . It is interesting to note that the current trend does not resemble the same for the H-terminated ribbons as reported from tight binding (TB) or DFT calculations [19] . In the previous case the 3n + 1 series showed the highest band gap trend. To see the effect of width we extended our calculation for the ribbon as wide as 1.50 nm, (13-aSGNR, of 3n + 1 series) but still failed to obtain zero band gap which is in severe contrast to the recently reported result [151] , where the authors report 4-aSGNR as a metallic system, but as can be seen from the Figure 3 .2, 4-aSGNR is semiconducting in nature with a band gap of 0.67 eV. In general, GGA underestimates the band gaps for 2D carbon-base materials. In addition, band gap is very sensitive to the size of the basis function, threshold energy, and maximum force tolerance on each atom. Thus, further verification is required for the present conflict.
It has been demonstrated that [19] , quantum confinement is the determining factor in the semiconducting behavior of N a -aGNRs. Additionally, the edge effects also play a crucial role in showing band gap of the ribbons. As can be seen in Figure 3 .1, the edge carbon atoms are passivated by sulfur atoms of the aGNRs and their p-orbitals take part in the extended delocalisation of the p-orbitals of C atoms of GNR which is reflected from the electron distribution plots for the fron-tier molecular orbitals of the ribbons as shown in Figure 3 .4. Thus, the actual effective width of Figure 3 .4 Electron density distribution of LUMO (blue) and HOMO (red) states of N aaSGNRs of different width, (a, b) for N a =4, (c, d) for N a =5, (e, f) for N a =6, and 6-aHGNR (g, h). The isosurface value was used as 0.05 e −3 .
SGNRs is the perpendicular S-S distance across the periodic direction and consequently N a -HGNR would become (N a +2)-SGNR. More precisely, 3n, 3n + 1, and 3n + 2 series of HGNRs would appear 3n + 2, 3n, and 3n + 1 series for SGNRs, respectively. So, considering the effective width for aSGNRs, 3n series would show the highest band-gap, while 3n + 1 having the lowest one for any integral value of n. Thus, the results resemble the previous trend obtained from first-principle calculation for aHGNRs reported by Son et al. [19] . A detailed study was also made for similar ribbons, passivated by Se and Te, for which the band-gap hierarchy becomes ∆ 3n > ∆ 3n+1 > ∆ 3n+2 as can be found in Figure 3 .5.
We have studied the electronic structures of sulfur terminated zGNRs and observed that these are nonmagnetic metals. The band structures of N z -zSGNR having width 2 and 3 are shown in Fig al. [152] . It is worth noting that H-terminated zGNRs are semiconducting in nature with non-zero magnetic moment, but having local magnetic moments centered at the edge, which are ferromagnetically coupled within the same edge, but antiferromagnetically coupled across the edge. So, replacement of H by S converts the ribbons from magnetic semiconductors to nonmagnetic metals.
Transport Properties
Having studied the electronic structure of these systems, we have performed non-equilibrium Green's function analysis [133] to have the current-voltage (I − V) characteristics of 4-aSGNR using same ribbon as both leads and the observed I − V curve (shown in Figure 3 .7(a)) indicates a requirement of positive or negative threshold voltage, which is basically equivalent to band gap of the system, is required to have a finite current. The zero bias transmission function ( Figure   3 .7(b)) curve is again in support of the non zero band gap of the system. We wish to mention here to 23 µA with a PVR of 2.5, where PVR is defined as the ratio of current at peak (I max ) to that at valley (I min ). A similar phenomenon is also observed in the negative bias window from -0.6 to -1.0, however, the PVR is much lower, 1.4 only. The observed NDR phenomena can be well understood from the nature of the transmission function, T (E, V b ), which in turn depends on the relative position of the energy bands. Transmission function basically represent probability that an electron injected at one end of the conductor will transmit to the other end. As can be seen from Figure 3 .9, transmission function at zero bias is wide and large, but still current is zero as bias window (−V b /2 to +V b /2) is zero. Actually, the electrons having energy within the bias window region, can only transmit through the scattering region and that is why, we are interested about the behaviour of transmission function within the bias window region. At the very beginning, (upto 0.6 V) bias window get enlarge with increase in bias and thereby increasing the integrated current LE RE SR Figure 3 .8 I − V characteristics 5-aSGNR using 2B-doped 5-aSGNR as metallic leads. The inset figure represents the three different regions for transport calculation along Z axis; gray, brown, and yellow balls represent C, B, and S atoms, respectively. as obtained from Landauer-Buttiker formula. A wide and sharp transmission function have been observed within the full bias window at 0.6 volt, which gives rise to peak current, but with further increase in bias, transmission function, T (E, V b ) reduces due to mismatching of frontier energy states of the scattering region and the leads, and reaches to it's minimum (narrow as well as small) within full bias window at 1.8 volt resulting valley current i.e minimum.
Conclusions
In conclusion, newly synthesised SGNRs are realizable from the thermodynamic stand point.
All SGNRs are thermodynamically more stable than the bare ribbons and their stability depends on the edge structure as well as ribbon width [165] . Unlike hydrogen-terminated graphene ribbons sulfur-terminated zigzag ribbons are more stable than armchair ribbons of similar width. This is mainly because of the favored orientation of unhybridised p-orbitals of the terminal S atoms and greater S-S interaction in zSGNRs. Band structure analysis of the ribbons reveals that aSGNRs are semiconducting and their band gap decreases with increasing ribbon width following the sequence ∆ 3n > ∆ 3n+2 > ∆ 3n+1 which seems to be different from that of aHGNRs. However, a deep insight reveals that p-orbitals of terminal sulfur atoms take part into extended delocalisation of the ribbons thereby taking into account the S atoms as part of ribbon width. Thus, the corrected band-gap sequence, ∆ 3n+1 > ∆ 3n > ∆ 3n+2 , resembles the same for aHGNRs. So, the participation of S atoms in the frontier orbitals is the crucial point for determining band gap hierarchy. Similar things happen for Se and Te passivated aGNRs also, where ∆ 3n+2 goes below ∆ 3n+1 due to more pronounced edge effect. The I − V characteristics obtained from the NEGF analysis using semiconducting leads demand a threshold voltage to have a finite current which is again in support of the semiconducting nature of the aSGNRs. On the other hand, while using doped metallic ribbons as leads, there appears NDR in different bias regions. Although GGA-PBE underestimates the band opening to some extent, we do hope that our findings will motivate the experimentalists for measuring the band-gap for aSGNR so as to implement it in the future generation graphene-based nanoelectronics and optical devices.
